Peer rejection is particularly pervasive among adolescents with autism spectrum disorders (ASD). However, how adolescents with ASD differ from typically developing adolescents in their responses to peer rejection is poorly understood. The goal of the current investigation was to examine neural responses to peer exclusion among adolescents with ASD compared to typically developing adolescents. Nineteen adolescents with ASD and 17 typically developing controls underwent fMRI as they were ostensibly excluded by peers during an online game called Cyberball. Afterwards, participants reported their distress about the exclusion. Compared to typically developing adolescents, those with ASD displayed less activity in regions previously linked with the distressing aspect of peer exclusion, including the subgenual anterior cingulate and anterior insula, as well as less activity in regions previously linked with the regulation of distress responses during peer exclusion, including the ventrolateral prefrontal cortex and ventral striatum. Interestingly, however, both groups self-reported equivalent levels of distress. This suggests that adolescents with ASD may engage in differential processing of social experiences at the neural level, but be equally aware of, and concerned about, peer rejection. Overall, these findings contribute new insights about how this population may differentially experience negative social events in their daily lives.
Introduction

Background
Autism spectrum disorders (ASD) are characterized by significant impairments in the social domain. However, among adolescents with ASD-who must tread water in a social climate ridden with concerns about peer acceptance, group norms, and popularity-deficits in social processing are likely to be particularly problematic. For example, it is common for teenagers to spend more time with peers at this age (Csikszentmihalyi and Larson, 1984) , experience heightened concern about maintaining peer acceptance (Parkhurst and Hopmeyer, 1998) , and place greater value on peer relationships in general (Brown, 2004) . Given the range of social difficulties displayed by individuals with ASD (Frith and Hill, 2004) , navigating this heightened peer salience is likely to be particularly challenging. Indeed, studies have indicated that during adolescence in particular, social skills and interactions are the biggest challenge experienced by individuals with ASD (Church et al., 2000) , and the differences between individuals with ASD and their typically developing peers in social domains may be particularly pronounced at this age (Howlin, 2003) .
Although there is considerable evidence that adolescents with ASD have a desire to make friends and interact with peers (Frith, 2004; Mesibov and Handlan, 1997; Volkmar and Klin, 1995) , they are less likely to initiate interactions with others (Attwood, 2000; Hauck et al., 1995; Sigman and Ruskin, 1999; Volkmar and Klin, 2000) and have difficulty making friends (Prior et al., 1998) . Thus, they tend to be lonelier and have lower quality friendships than their typically developing classmates (Bauminger and Kasari, 2000; Capps et al., 1996) , as well as fewer close friendships (Martlew and Hodson, 1991; Sigman and Ruskin, 1999) . In addition to being less able to form and keep friendships, individuals with ASD also have trouble interpreting complex social interactions and the intentions of others more generally (Baron-Cohen et al., 2001; Frith, 2004; Frith and Hill, 2004; Pierce et al., 1997) , and they are less able to make quick judgments in social contexts (Volkmar and Klin, 2000) , which might further undermine their social interactions with peers during adolescence.
Given the increased importance of peers during adolescence, it is not surprising that these social difficulties associated with ASD are accompanied by an increased prevalence of peer rejection among this population, compared to their typically developing counterparts. Adolescents with ASD experience high levels of bullying (van Roekel et al., 2010) and are rejected by peers up to four times more than their typically developing peers (Little, 2001 (Little, , 2002 )-likely as a result of their poor social functioning (Attwood, 1998) , stereotypical behavior (Haq and Le Couteur, 2004) , and lack of close friendships, which are known to buffer individuals from the effects of social stressors (Miller and Ingham, 1976) . Moreover, since they are not regularly engaging in positive interactions with peers and close friendships, they may also be missing out on a crucial resource for learning social etiquette, which might leave them more vulnerable to future peer rejection as well.
Together, this evidence indicates that adolescents with ASD are less socially skilled in peer domains and experience more frequent peer rejection than their typically developing counterparts. It is less clear, however, how adolescents with ASD differ from typically developing adolescents in their responses to peer rejection and what affective processes might underlie these differential experiences. Using experimental designs to systematically test group differences, and using neuroimaging techniques to examine differential processing in neural systems in the moment of rejection, could help reveal new insights that may help us understand how peer rejection is uniquely experienced by adolescents with ASD.
To our knowledge, only two studies have used an experimental design to test how individuals with ASD respond to the experience of social rejection, in comparison to typically developing individuals. In one of these studies, Sebastian and colleagues (2009) used a computer task called "Cyberball"-an experimental paradigm that simulates a real interactive experience of social exclusion (Williams et al., 2000 (Williams et al., , 2002 -to examine differences in affective responding among adolescents with ASD and typically developing controls. They found that similar to controls, adolescents with ASD reported feelings consistent with perceiving an experience of peer rejection (i.e., I felt ignored, I felt excluded, etc.). However, while controls rated their mood (e.g., I feel good, I feel friendly) as lower following exclusion, adolescents with ASD did not display a similar dampening in mood, suggesting that they may engage different affective processes than controls when they notice that they are being rejected by peers.
In another recent study, Andari and colleagues (2010) used a similar Cyberball task to examine the experience of social exclusion among adults with ASD, and added a particularly interesting manipulation; they included a condition in which participants were given oxytocin-a hormone known to enhance social affiliation and prosocial behavior (Guastella et al., 2008; Kosfeld et al., 2005) . They found that oxytocin administration resulted in more socially appropriate affect and more typical behavior following exclusion (i.e., more preference and trust for socially cooperative players compared to exclusive players). In other words, the administration of oxytocin seemingly altered the neural chemistry of these individuals with ASD in a way that made them act more socially 'typical'. Given that oxytocin is a hormone produced in areas of the brain's limbic system that are known to be involved in affect processing and emotion regulation (Ferguson et al., 2002; Huber et al., 2005; Landgraf and Neumann, 2004; Lim and Young, 2006) , these findings provide promising evidence that individuals with ASD may respond differently to social exclusion due to differential processing of these social interactions at the neural level. Furthermore, they highlight the importance of exploring the neural underpinnings of social rejection experiences among individuals with ASD-particularly during adolescence when social interactions and peer rejection are prevalent and particularly difficult for this population.
Although no neuroimaging studies to date have examined the neural correlates of peer rejection processes among adolescents with ASD, we have previously begun to examine these processes in typically developing adolescents. In an initial study, we scanned adolescents while they were ostensibly excluded by peers during a Cyberball game, similar to that used in the two studies described above (Masten et al., 2009a) . Findings indicated that typically developing adolescents who reported more social distress following exclusion displayed more activity in the subgenual portion of the anterior cingulate (subACC), a region that has been linked with both rejection sensitivity (Burklund et al., 2007) and depression (e.g., Masten et al., 2011a; Saxena et al., 2003) , as well as in the anterior insula (AI), a region previously linked to adults' experiences with social exclusion (e.g., DeWall et al., 2010; Eisenberger et al., 2003) . In addition, adolescents who reported less social distress following exclusion displayed greater activity in the ventrolateral prefrontal cortex (VLPFC), a region linked with emotion regulation in adults (e.g., Eisenberger et al., 2003; Lieberman et al., 2004 Lieberman et al., , 2007 , as well as in the ventral striatum (VS), a region that, in addition to its well-known role in reward processing, is involved in positive reappraisals (Wager et al., 2008) and emotion regulation (Dickstein and Leibenluft, 2006) . Thus, the subACC and AI appeared to be involved in the affective/distressing component of peer rejection, while the RVLPFC and VS appeared to be more involved in regulating these affective responses (Masten et al., 2009a) . Follow-up studies have continued to implicate these regions in adolescents' affective and behavioral responses to peer rejection (Masten et al., 2010a (Masten et al., ,b, 2011a Pfeifer et al., in press) , suggesting that these particular regions may be important to focus on when trying to understand how adolescents with ASD differentially process peer rejection experiences.
Although they have not focused specifically on peer rejection experiences, recent studies have begun to identify some of the differential neural processes engaged by adolescents with and without ASD during other relevant aspects of social processing. For example, adolescents with ASD and controls display differential brain activity when processing social feedback and social rewards (Scott-Van Zeeland et al., 2010) , and when inferring others' emotional states Greimel et al., 2010; Wang et al., 2004) , social characteristics (Tesink et al., 2009) , and true intentions (i.e., those involving irony or sarcasm; Wang et al., 2006 Wang et al., , 2007 . In addition, a recent meta-analysis examining differential neural engagement among individuals with ASD compared to controls across a range of studies examining social and non-social tasks, found that those with ASD consistently exhibit hypoactivation in the ACC and AI during social tasks in particular (Di Martino et al., 2009 ). Thus, in general, individuals with ASD display abnormal patterns of neural engagement when they are involved in complex social situations. Furthermore, the experience of peer rejection-which involves similar processes to those examined in prior work (i.e., social feedback, inferring intentions) and is particularly salient at this age and among this particular population-may also be differentially processed in the brain.
The current study
In the current study, our goal was to characterize patterns of neural functioning during experiences of peer rejection among adolescents with ASD compared to typically developing adolescents. Given previous behavioral work indicating similar self-reported feelings of rejection and distress among typically developing adolescents and those with ASD (Sebastian et al., 2009) , we expected that both groups in the current study would likely show similar behavioral ratings of distress following a rejection experience. However, we expected that differences would be evident in the neural regions engaged during the actual experience of peer exclusion, given neural differences seen during other types of complex social processing (e.g., Dapretto et al., 2006; Greimel et al., 2010; ScottVan Zeeland et al., 2010; Tesink et al., 2009; Wang et al., 2004 Wang et al., , 2006 Wang et al., , 2007 . We hypothesized at least two potential ways that brain activity might differ in adolescents with ASD versus controls. One possibility is that adolescents with ASD might show reduced activity in regions typically engaged during adolescent peer rejection experiences (i.e., subACC, AI, RVLPFC, VS)-particularly since hypoactivation in the subACC and AI has been observed across many neuroimaging studies examining social processing in individuals with ASD (Di Martino et al., 2009) . Alternatively, adolescents with ASD might show increased activity in these regions, reflecting a heightened emotional sensitivity to these experiences (i.e., greater activity in subACC and AI), given their more frequent exposure to peer rejection in daily life, as well as compensatory regulatory effort (i.e., greater activity in VLPFC and VS) to aid in controlling their heightened affective responses to these events. Finally, of course, it is also possible that peer rejection processing among adolescents with ASD involves some combination of these two alternatives.
To explore these possibilities, we simulated peer rejection using the Cyberball game during an fMRI scan (see details in Section 2.3), so that we could examine group differences in neural activity during the experience of social exclusion-one of the most common forms of peer rejection during adolescence (Coie et al., 1990) . We were primarily interested in exploring differences in brain regions involved in adolescents' affective experiences during these negative social interactions; thus, we used a region-of-interest (ROI) approach to specifically examine differential activity in regions that were found to be related to typically developing adolescents' distress during peer exclusion in previous, independent samples (Masten et al., 2009a (Masten et al., , 2011a . These regions included the subACC and AI, regions in which activity has been shown to positively relate to distress following exclusion, and the VLPFC and VS, regions in which activity has been shown to negatively relate to distress following exclusion (Masten et al., 2009a) . Next, we also examined group differences in activity during peer exclusion (compared to inclusion) across the whole brain, to more specifically localize these neural activations and to explore other regions that might be differentially active for ASDs and controls. Finally, given previously established associations between neural activity during exclusion versus inclusion and participants' self-reported distress resulting from the exclusion, we tested for these associations separately for each group, using both ROI and whole-brain analyses.
Method
Participants
Our sample included 19 high-functioning ASD adolescents (18 males; M = 14.0, SD = 2.4 years of age) and 17 typically developing (TD) adolescents (15 males; M = 13.6, SD = 2.5 years of age) recruited specifically for this study (i.e., TDs were not part of previously published studies using Cyberball). All participants were right handed, with the exception of 1 ASD and 2 TD adolescents who reported left-hand dominance. All participants had a full scale IQ of 80 or higher, assessed by the Wechsler Scale of Abbreviated Intelligence (Wechsler, 1999) or Wechsler Intelligence Scale for Children (Wechsler, 1991) . In addition, one ASD participant was 18 at the time of the clinic assessment (although he was 17 at time of his fMRI scan), and thus his IQ was determined using the Wechsler Adult Intelligence Scale (Wechsler, 2008) . The ASD and TD groups differed significantly with regard to full scale IQ (ASDs: M = 105.0, SD = 9.5; TDs: M = 112.3, SD = 11.6; t (34) = 2.098, p = .043). Thus, we controlled for IQ in all between-group analyses.
Participants were recruited through UCLA's Center for Autism Research and Treatment, fliers distributed in the local community, and by word-of-mouth through participants who had previously participated in research studies at UCLA. Parents and participants provided written consent approved by the UCLA Institutional Review Board. The TD participants had no history of psychiatric or neurological disorders, according to parental report. All ASD participants had a prior diagnosis of ASD and had their diagnosis confirmed at the UCLA Autism Evaluation Center prior to research involvement. Diagnoses were confirmed using either the Autism Diagnostic Observation Schedule (ADOS; Lord et al., 2000) and/or the Autism Diagnostic Interview (ADI; Lord et al., 1994) , as well as clinical judgment based upon DSM-IV diagnostic criteria. All 19 participants in the ASD group met criteria for Autism based on the ADI. According to the ADOS, 5 of the ASD participants met criteria for Autism, 10 met criteria for autism spectrum disorder, and 4 did not meet either of these criteria.
Procedures
On the day of their fMRI scan, participants visited UCLA's campus with their parents. They were told that during their fMRI scan they would be using the Internet to play a ball-tossing game with two other adolescents who had previously participated in our study, and it was made clear that these 'previous participants' did not know each other. In reality, these other 'players' were controlled by the computer. During this computer simulation, participants were 'excluded' by the other two players, and immediately following the scan, participants completed a manipulation check and self-reported their feelings of distress (see details of fMRI task and distress measure in Sections 2.3 and 2.5, respectively). Finally, they were debriefed about the deception used in the study, and they were thoroughly questioned to ensure that they understood that the other players involved in the Cyberball game were not real people, and that the exclusion was fake and occurred the exact same way for all participants.
fMRI task
To simulate peer rejection during an fMRI scan, we used a computer task called "Cyberball"-an experimental paradigm that simulates a real interactive experience of social exclusion (Williams et al., 2000 (Williams et al., , 2002 . Cyberball has been used successfully in several neuroimaging studies examining adolescents (Masten et al., 2009a (Masten et al., , 2010a (Masten et al., ,b, 2011a , and in behavioral studies examining youth with ASD (Sebastian et al., 2009) , to simulate peer exclusion and elicit feelings of social distress. In addition, social exclusion is a particular useful proxy for peer rejection during adolescence given that isolating peers from social groups is one Fig. 1 . Graphic showing the Cyberball game as it appeared to participants. When participants received the ball in their 'hand' (visible on the bottom of the screen) during the inclusion portion of the game, they indicated the recipient of their next ball toss (i.e., the player on the right or left) using a button-box. During the exclusion portion of the game, the other players (i.e., 'Danny' and 'Erika') threw the ball back and forth to each other, and it was never thrown to the participant's 'hand'.
of the dominant methods used to reject peers at this age (Coie et al., 1990) .
Cyberball is viewed on a computer screen through MRI compatible goggles while participants are undergoing an fMRI scan. Participants see cartoon images representing the other two players, as well as a cartoon image of their own 'hand' that they control using a button-box. Throughout Cyberball, the ball is thrown back and forth among the players, with the participant choosing the recipient of their own throws using the button-box, and the throws of the other two 'players' determined by a pre-set program (see graphical depiction of Cyberball in Fig. 1) .
In this study, participants played two rounds of Cyberball during two fMRI scans. Each round of Cyberball lasted 2 min and 8 s, and consisted of 60 ball tosses total, including all the participants' tosses as well as the tosses of the two simulated players. In addition, there were 16 s preceding the game with the word "connecting" on a blank screen, during which time participants were told to wait while the connection among the players was established (to enhance the believability that players were connected via the internet). There were also 16 s of rest time following the game's conclusion, during which participants rested while viewing a blank screen. During the first round of Cyberball participants were 'included' throughout the game, and during the second round they were 'excluded' by the other players part way through the game. Throughout the inclusion round the computerized players were equally likely to throw the ball to the participant or to the other computerized player. However, during the exclusion round, the two computerized players stopped throwing the ball to the participant after the participant had received a total of 10 throws (i.e., after a total of 30 throws including those of the other players). At this point the participant watched as the other players threw the ball back and forth to each other for the remainder of the game (i.e., an additional 30 throws). Thus, the exclusion portion of the second round, following the participant's first 10 throws, consisted of half of the total number of ball tosses and lasted for 58 s.
Manipulation check
A manipulation check was administered to ensure participants' engagement in the Cyberball game and their awareness of being excluded during the second round. Immediately following each round of Cyberball, participants were asked "How often did you get the ball thrown to you?" Participants provided answers using a scale ranging from 1 = "Never" to 7 = "All the time".
Self-reported social distress
Following completion of the Cyberball task, adolescents completed the Need-Threat Scale (NTS; Williams et al., 2000 Williams et al., , 2002 in order to measure social distress associated with being excluded during the game. The NTS assesses 12 subjectively experienced consequences of being excluded during the game, including ratings of self-esteem ("I felt liked"), belongingness ("I felt rejected"), meaningfulness ("I felt invisible"), and control ("I felt powerful"), on a scale ranging from 1 = "not at all" to 5 = "very much". Items were reverse-coded when appropriate and averaged to create a composite score with good reliability for each group (ASDs: = .91; TDs:˛= .76). This measure has been used previously to assess self-reports of distress among both typically developing adolescents (Masten et al., 2009a (Masten et al., , 2011a , and those with ASD (Sebastian et al., 2009 ).
fMRI data acquisition
Brain images during Cyberball were collected using a Siemens Trio 3-Tesla MRI scanner. Extensive instructions and foam padding were provided to decrease motion. For each participant, an initial 2D spin-echo scout-localizing scan (TR = 8.6 ms, TE = 4.0 ms, matrix size 256 by 256, FoV = 25 cm) was acquired in order to enable prescription of slices obtained in functional scans. In addition, a high-resolution structural scan (TR = 5000 ms, TE = 34 ms, matrix size 128 by 128, FoV = 19.2 cm, 34 slices, yielding an in-plane voxel dimension of 1.5 mm × 1.5 mm, with 4 mm thick axial slices) coplanar with the functional scans was obtained for functional image registration during fMRI analysis preprocessing. The functional tasks were presented on a computer screen through MR-compatible goggles, during the functional scans lasting 2 min and 40 s each (TR = 2000 ms, TE = 28 ms, matrix size 64 × 64, FoV = 19.2 cm, 34 slices, yielding an in-plane voxel dimension of 3 mm × 3 mm, with 4 mm thick axial slices).
fMRI data analysis 2.7.1. Software and preprocessing
Neuroimaging data were preprocessed and analyzed using Statistical Parametric Mapping (SPM5; Wellcome Department of Cognitive Neurology, Institute of Neurology, London, UK), and ROI extraction was performed using the MARsBaR toolbox within SPM (MARSeille Boîte À Région d'Intérêt; Brett et al., 2002) . Preprocessing included image realignment to correct for head motion (groups did not differ in terms of head motion), normalization into a standard stereotactic space defined by the Montreal Neurological Institute and the International Consortium for Brain Mapping, and spatial smoothing using an 8 mm Gaussian kernel, full width at half maximum, to increase signal-to-noise ratio.
Modeling of contrasts
The inclusion and exclusion rounds of Cyberball were modeled using a block design. Each round of Cyberball was modeled as a run with each period of inclusion and exclusion modeled as a block within the run for a total of two inclusion blocks (one during the first run and one at the beginning of the second run) and one exclusion block. The "connecting" time preceding the game and the rest time after completion of the game were not modeled. Linear contrasts comparing exclusion to inclusion were calculated for each participant. These individual contrast images were then used in group-level analyses.
ROI analyses
Given our interest in examining group differences in the neural substrates of peer rejection among adolescents with ASD versus typically developing adolescents, we performed region-of-interest (ROI) analyses focused on several a priori defined brain areas. Specifically, we examined four ROIs (functionally defined using the MARsBaR toolbox), in which activity during exclusion vs. inclusion was previously found to relate to self-reported social distress resulting from peer rejection (in a whole-brain regression thresholded at p < .005, 10 voxels), among two prior samples of typically developing adolescents. The adolescents in both of these prior samples ranged in age from 12 to 13, and did not overlap with any of the typically developing adolescent controls included in the current study. These ROIs included clusters in the subACC (peak voxel: [8 22 −4], t = 4.06, p = .0005, k = 151 voxels), in which activity was previously found to be positively related to social distress in a sample of 20 adolescents (see Masten et al., 2011a) , and AI (peak voxel: [−46 8 −4], t = 3.72, p = .001, k = 65 voxels), in which activity was previously found to be positively related to social distress in a sample of 23 adolescents (see Masten et al., 2009a) , as well as in the VLPFC (peak voxel: [42 46 14], t = 4.41, p = .0005, k = 182 voxels) and VS (peak voxel: [6 4 −8], t = 4.19, p = .000, k = 15 voxels), in which activity was previously found to be negatively related to social distress in a sample of 23 adolescents (see Masten et al., 2009a) . These four ROIs are depicted visually in Fig. 2 . Mean parameter estimates for each participant (that modeled the amplitude of the BOLD response during exclusion vs. inclusion) were then extracted and averaged across all voxels in each ROI. First, groups were analyzed separately to see whether each group displayed significantly more activity in each ROI during exclusion compared to inclusion. Then, group-level t-tests comparing the mean activity during exclusion versus inclusion in each ROI for TDs versus ASDs were calculated. These analyses included IQ as a covariate in order to control for between-group differences in IQ. Analyses were run in MARsBaR, and a standard statistical threshold of p < .05 was used for these ROI analyses. 
Whole-brain analyses
In order to supplement the ROI analyses, we performed a group level analysis comparing activity during exclusion versus inclusion at each voxel across the entire brain volume. First, we examined this contrast within each group separately, and then we conducted a between-groups analysis to compare the difference in activity during exclusion versus inclusion in TDs versus ASDs (controlling for IQ). Given that a large number of tests were required to examine differential activity across the whole brain volume, we employed a conservative threshold that corrected for multiple comparisons (FDR corrected in SPM5; p < .01, 10-voxel minimum cluster size). In addition, given that this threshold is highly conservative when examining social cognitive processes (Lieberman and Cunningham, 2009 ), for each whole-brain analysis we also performed an exploratory follow-up examination at a threshold of p < .005, 10 voxels (uncorrected). This lowered threshold provides a better balance between Type I and Type II error (Lieberman and Cunningham, 2009) and is similar to those thresholds used in previous studies examining social rejection and peer-related processing (e.g., DeWall et al., 2010; Masten et al., 2009a Masten et al., , 2010a Pfeifer et al., in press ). All coordinates are reported in Montreal Neurological Institute (MNI) format.
Regression analyses
Finally, we examined how social distress following exclusion related to neural activity during exclusion versus inclusion, within each group. First, standard statistical software (SPSS 16.0, Chicago, IL) was used to examine how self-reported NTS scores correlated with parameter estimates of brain activity during exclusion versus inclusion in each ROI. Second, we examined the correlation between self-reported NTS scores and activity during exclusion versus inclusion at each voxel across the entire brain volume. The statistical threshold was the same as that used in the whole-brain analyses described in Section 2.7.4.
Results
Manipulation check
Participants' reports of how often the ball was thrown to them (on a scale from 1 to 7) suggested that both groups were engaged in the game and noticed the exclusion during the second round. The mean for the TD group was 4.88 (SD = .93) for the inclusion round, and 2.62 (SD = 1.27) for the exclusion round. The mean for the ASD group was 4.42 (SD = .88) for the inclusion round, and 2.35 (SD = .91) for the exclusion round. There was a marginal group difference in inclusion scores (F = 1.74, p = .09) but no difference in exclusion scores (F = .45, ns) after controlling for IQ. In addition, the inclusion scores for both groups were significantly greater than the exclusion scores (for TDs: t = 6.30, p < .001; for ASDs: t = 8.61, p < .001), suggesting that both groups noticed the exclusion. Finally, this difference between the exclusion and inclusion scores did not differ across groups (F = 1.08, ns; controlling for IQ).
Self-reported distress
Participants in both groups reported moderate levels of social distress following exclusion. The mean NTS score for adolescents with ASD was 3.71 (SD = .87), while TDs reported a mean NTS score of 3.52 (SD = .57); groups did not differ significantly (F = .447, ns; controlling for IQ).
ROI analyses
Within-group analyses
First, we examined activity during exclusion versus inclusion separately for TDs and ASDs. The TD group displayed significantly greater activity during exclusion versus inclusion in both the subACC (t = 1.59, p < .05) and AI ([−46 8 −4]: t = 2.33, p < .05; [−34 22 0]: t = 2.50, p < .05), as well as in the VLPFC (t = 3.25, p < .01). The difference in activity in the VS was not significant, but showed a trend consistent with the other ROIs (t = 1.17, p = .13). Similarly, the ASD group displayed significantly greater activity during exclusion versus inclusion in the subACC (t = 2.83, p < .01) and AI ([−34 22 0]: t = 2.65, p < .01; [−46 8 −4]: t = .20, ns), as well as in the VLPFC (t = 2.58, p < .01) and marginally in the VS (t = 1.48, p = .08). Controlling for IQ in each of these within-group ROI analyses yielded nearly identical results.
Between-group analyses
To examine group differences in neural activity during peer rejection, we compared TDs' and ASDs' activity during exclusion versus inclusion in each of our ROIs and controlled for IQ. The TD group displayed significantly more activity in the subACC (t = 1.57, p < .05) and AI ([−46 8 −4]; t = 2.53, p < .01), that is, areas previously found to be more active to the extent that adolescents were more distressed by exclusion (Masten et al., 2009a (Masten et al., , 2011a , as well as in the VLPFC (t = 1.69, p < .05), an area previously found to be more active to the extent that adolescents were less distressed by exclusion (Masten et al., 2009a) . The group difference in activity in the VS was not significant, but showed a trend consistent with the other ROIs (t = 1.16, p = .13). Bar graphs illustrating these differential group means are displayed in Fig. 2. 3.4. Whole-brain analyses 3.4.1. Within-group analyses Next, we separately examined TDs' and ASDs' activity during exclusion versus inclusion across the whole brain. Neither group showed a significant difference in activity in any region at the FDR-corrected threshold (similarly, neither group displayed a significant difference in activity when examining the reverse contrast, inclusion versus exclusion). However, when we performed exploratory analyses at a lowered threshold (p < .005, 10 voxels, uncorrected; see Section 2.7.4) for each group, results were consistent with the ROI analyses. The TD group showed greater activity during exclusion than inclusion in the sub-ACC and AI, as well as in the VLPFC and VS. The ASD group similarly showed greater activity during exclusion versus inclusion in the subACC, AI, VLPFC and VS. Details of these and other areas of significant activation observed at these more liberal thresholds are listed in Supplementary Table 1, sections A (for TDs) and B (for ASDs). Again, controlling for IQ in each of these within-group whole-brain analyses yielded nearly identical results.
To directly compare the groups, we examined how TDs' activity during exclusion versus inclusion compared to that of ASDs across the entire brain, controlling for IQ. There were no significant group differences at our initial FDRcorrected threshold; however, exploratory analyses at a lowered threshold (p < .005, 10 voxels, uncorrected; see Section 2.7.4) revealed group differences that were generally consistent with ROI analyses. The TD group displayed greater activity than ASDs in the left AI (see Fig. 3A ) and right AI, but not in the subACC. In addition, TDs displayed greater activity than ASDs in both the VLPFC (see Fig. 3B ) and VS. See Supplementary Table 1C for details of these exploratory between-group findings.
Correlations with self-reported distress
Finally, within each group we investigated whether participants' self-reported distress following their exclusion related to their brain activity during exclusion versus inclusion. Somewhat unexpectedly, there were no significant correlations between any of our ROIs and participants' distress within the TD group ( 12, ns, VLPFC: r = .39, p < .05, VS: r = .26, ns). Whole-brain regression analyses revealed no significant correlations between NTS scores and brain activity during exclusion versus inclusion for either group (and exploratory analyses at the lowered threshold of p < .005, 10 voxels also revealed no significant correlations). Controlling for IQ did not meaningfully change these findings.
Discussion
This study is one of the first to examine how adolescents with ASD may differ from typically developing adolescents in their neural responsivity to peer rejection. Specifically, the findings described here indicate that adolescents with ASD may differentially process peer rejection experiences at the neural level, despite evidence of similar self-reported distress responses. In the following discussion, we interpret these findings and speculate about their meaning in order to help direct future investigations of peer-related processing among individuals with ASD.
In terms of subjective responses to peer exclusion, we found that adolescents with ASD and controls did not differ in their self-reported feelings of distress following the exclusion round of Cyberball. These findings are consistent with our hypothesis, and previous research indicating, that adolescents with ASD feel just as rejected as their typically developing counterparts when they are excluded by peers (Sebastian et al., 2009) .
Despite these similar behavioral findings, neuroimaging analyses indicated that adolescents with ASD showed reduced neural engagement compared to typically developing adolescents during peer rejection. Specifically, ROI analyses (as well as exploratory whole-brain analyses performed at a lowered threshold) revealed less activity during exclusion versus inclusion among adolescents with ASD compared to controls in regions previously shown to be positively related to adolescents' distress during exclusion (i.e., subACC, AI), as well as in regions previously shown to be negatively related to distress during exclusion (i.e., VLPFC, VS). This is consistent with many prior studies indicating that individuals with ASD display hypoactivation in brain regions involved in emotion processing-including the subACC and AI specifically-when performing a range of social cognitive tasks (see Di Martino et al., 2009 for a review). Furthermore, these findings are consistent with those reported by Sebastian and colleagues (2009) indicating that individuals with ASD may show less variation in mood as a result of peer rejection. Of course, neural activity in affective-processing regions is only one potential proxy of mood, and more direct assessments of mood (such as those collected by Sebastian and colleagues) may have impacted our reported findings; however, the heightened neural activity in subACC and AI in our control group is consistent with the notion that ASDs were less affectively impacted by the rejection. Finally, although the role of oxytocin was not the primary focus of this investigation, group differences were found in several limbic areas similar to those previously linked with oxytocin production, including portions of the insula and cingulate, as well as the amygdala (see Supplementary Table 1; Ferguson et al., 2002; Huber et al., 2005; Landgraf and Neumann, 2004; Lim and Young, 2006) . Thus, our findings are consistent with those found by Andari and colleagues suggesting that neural activity related to oxytocin production may relate to the differential social processing observed among ASDs and controls.
This differential engagement of neural circuitry in response to peer rejection could also be related to a number of qualitative factors related to peer rejection experiences that adolescents with ASD have in their daily lives. For example, adolescents with ASD may be more habituated to the experience of being rejected, since it happens to them more frequently. As a result, their neural responses might be dampened, given the familiarity of the experience. A second possibility is that adolescents with ASD may actually expect to be rejected when they interact with novel groups of peers. Researchers have proposed that one important component of typical neural responses to social rejection is the detection and recognition that a social expectancy (i.e., being included) is being violated (Eisenberger and Lieberman, 2004; Somerville et al., 2006; Bolling et al., 2010) . Thus, the reduced neural responses to rejection observed in adolescents with ASD may reflect the fact that they have learned through experience that they are not likely to be included, even if they experience subjective distress upon later reflection. Finally, related to this possibility, adolescents with ASD might respond to social rule-breaking in unique ways. Given that they often display difficulties following social rules and initiating positive peer interactions (Attwood, 2000; Hauck et al., 1995; Sigman and Ruskin, 1999) , they may be responding in ways different than typically developing adolescents when they witness similar indiscretions being committed by others.
It is important to note that in the current study, we did not replicate previously found associations between selfreported distress and brain activity during peer exclusion within our typically developing group. Previous findings in our lab have indicated that adolescents display greater activity in the subACC and AI to the extent that they are more distressed by exclusion and greater activity in the VLPFC and VS to the extent that they are less distressed by exclusion (Masten et al., 2009a) ; we propose two possibilities for why we did not find similar patterns here. First, the current sample was almost all male, whereas the previously tested sample comprised slightly more females than males. Thus, one possibility is that girls and boys show differential associations between their neurobiological and subjective responses to peer-related social stimuli-a possibility that is not surprising given known gender differences in peerrelated processes at this age (e.g., Guyer et al., 2009; Rose and Rudolph, 2006) . Second, the current sample spanned a wide adolescent age range, whereas the previous study included only 12-13 year olds. Thus, it is possible that the correspondence between self-reported and neural affective responses to peer rejection is particularly pronounced in the years immediately following the transition to middle school (i.e., around age 13)-when peer rejection becomes particularly prevalent (e.g., Nansel et al., 2001 ) and the social influence of peers increases (e.g., Masten et al., 2009b) . Of course, many other variables may have also contributed to the inconsistency between the current findings and those described in Masten et al. (2009a) . Thus, future studies will be useful in exploring the influence of both gender and age, as well as additional factors such as pubertal status, brain development and social environment, that may impact these kinds of brain-behavior correlations.
With regard to our ASD sample, the correlational findings between self-reported distress and brain activity during peer rejection were somewhat surprising. Consistent with our previous work examining typically developing adolescents, we found a positive correlation between subACC and distress, but we also found a positive correlation between VLPFC and distress, which ran counter to previous findings in typically developing adolescents. Given that the VLPFC is typically thought to play a regulatory role in the context of social rejection (e.g., Eisenberger et al., 2003; Masten et al., 2009a Masten et al., , 2011b , one possibility is that this positive correlation reflects an ineffective attempt to regulate distress resulting from peer rejection among the ASD group. Future examination of these brainbehavior correlations and regulatory strategies specifically among ASD populations will shed additional light on this possibility.
As a whole, this study provides an important first step toward understanding how adolescents with ASD may differentially perceive and respond to peer rejection-an event that is especially salient during adolescence generally, but also particularly frequent among this population. Moreover, given that adolescents with ASD and typically developing adolescents displayed differential neural responses despite reporting similar subjective ratings, these findings highlight the importance of using neuroimaging techniques to examine processes of peer functioning in ASD. Our hope is that future investigations into the neural processes involved in social deficits in ASD will lead to better understanding of the mechanisms underlying the social atypicalities that characterize this population, and eventually inform intervention and therapy practices.
